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Abstract Markers of gastrointestinal (GI) stem cells remain elusive. We employed synchrotron Fourier-transform infrared
(FTIR) microspectroscopy to derive mid-infrared (IR) spectra along the length of human GI crypts. Tissue sections
(10-μm thick) were floated onto BaF2 windows and image maps were acquired of small intestine and large bowel crypts in
transmission mode with an aperture of ≤ 10 μm×10 μm. Counting upwards in a step-size (≤10 μm) fashion from the
crypt base, IR spectra were extracted from the image maps and each spectrum corresponding to a particular location was
identified. Spectra were analyzed using principal component analysis plus linear discriminant analysis. Compared
to putative crypt base columnar/Paneth cells, those assigned as label-retaining cells were chemically more similar to
putative large bowel stem cells and, the small intestine transit-amplifying cells were closest to large bowel
transit-amplifying cells; interestingly, the base of small intestine crypts was the most chemically-distinct. This study
suggests that in the complex cell lineage of human GI crypts, chemical similarities as revealed by FTIR microspectroscopy
between regions putatively assigned as stem cell, transit-amplifying and terminally-differentiated facilitates
identification of cell function.
© 2009 Elsevier B.V. All rights reserved.Abbreviations: νasPO2
-, asymmetric phosphate stretching vibrations; CBC, crypt base columnar; FTIR, Fourier-transform infrared; GI,
gastrointestinal; H&E, haematoxylin and eosin; IR, infrared; LB, large bowel; LDA, linear discriminant analysis; LRCs, label-retaining cells;
msi-1, musashi-1; PCA, principal component analysis; PC, principal component; Ps, position; SI, small intestine; νsPO2
- , symmetric phosphate
stretching vibrations; TA, transit-amplifying; TD, terminally-differentiated.
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16 M.J. Walsh et al.(Barker et al., 2007). The small intestine is composed of stem cells give rise to four functioning TD cell types; Paneth,The gastrointestinal (GI) tract is one of the most
regenerative tissues in the human body, with terminally-
differentiated (TD) epithelial cells derived from stem cellsFigure 1 Schematic diagram of cell types of the small intestine and
crypts were segregated into Position 1 (crypt base; magenta), crypt
(LRCs; red), transit-amplifying (TA; black) cells and terminally-differ
into regions putatively assigned as stem cells (red), TA cells (black)
crypt and a corresponding schematic demonstrating the ≤10 μm×10
fashion. (D) Average absorbance spectra of Position 1 (magenta), CB
(blue) derived from small intestine crypts (n=12). (E) Average absorb
cells (blue) derived from large bowel crypts (n=8).crypts and villi; the crypts are the source of newly-
differentiated cells whilst the villi extend into the lumen
to facilitate nutrient absorption (Fig. 1A). Small intestinallarge bowel crypts as employed in this study. (A) Small intestine
base columnar (CBC)/Paneth cells (green), label-retaining cells
entiated (TD; blue) cells. (B) Large bowel crypts were segregated
and TD cells (blue). (C) A representative tissue micrograph of a
μm aperture acquisition of mid-IR spectra in step-wise (≤10 μm)
C/Paneth cells (green), LRCs (red), TA cells (black) and TD cells
ance spectra of putative stem cells (red), TA cells (black) and TD
17Hierarchy in human intestine by IR spectroscopygoblet, columnar and entero-endocrine cells. The large
bowel is similar in structure but lacks villi and Paneth cells
(Fig. 1B); large bowel stem cells give rise to goblet and
entero-endocrine cells, and colonocytes (Scoville et al.,
2008). GI stem cells probably reside near the crypt base and
their progeny migrate upwards (Yen and Wright, 2006);
identification has proven elusive, with controversy over their
location (Scoville et al., 2008). Characterising biomarkers of
stem cells may provide important insights into carcinogen-
esis (Leedham et al., 2005; van de Wetering et al., 2002).
The small intestine has been extensively studied, parti-
cularly with regards to identifying the location of stem cells,
especially in murine models (Barker et al., 2007). Identifica-
tion of adult stem cells in tissues is often based on “long-
term label retention”, which involves monitoring label
retention of 3H-thymidine due to the perceived slow-cycling
nature of stem cells i.e., the “label-retaining cells” (LRCs).
Thus, stem cells of the small intestine are often referred to
as LRCs, and these have long been considered to reside at
cell positions 4 to 6 from the base of the crypt; however,
recent advances in tracking the fate of cells has identified
the crypt base columnar (CBC) cells (below position 4) as
having multipotency for small intestine TD cells (Barker
et al., 2007). Thus, the actual location of the stem cells in
the small intestine remains controversial, with evidence
associating both CBC cells and LRCs with multipotency
(Barker et al., 2007).
Long-term labelling capacity has been demonstrated in
the hair follicle (Cotsarelis et al., 1990), haematopoietic
tissue (Zhang et al., 2003) and in small intestine crypts at cell
positions 4 to 6 (Marshman et al., 2002; Potten et al., 2002).
Further support for this is the observation that a number of
putative stem cell markers co-localise at this position, e.g.,
musashi-1 (msi-1) (Potten et al., 2003). However, msi-1 may
also stain CBC cells (Kayahara et al., 2003). Reduced E-
cadherin expression was associated with the location of LRCs
(Escaffit et al., 2005), and side-population sorting points to
these cells being stem cell in character (Dekaney et al.,
2005). Expression of the novel putative stem cell marker
DCAMKL-1 is also localised to the location of LRCs (May et al.,
2008). Although recently a functional analysis of Bmi1 points
to LRC multipotency (Sangiorgi and Capecchi, 2008), CBC
cells were originally believed to be the small intestine stem
cells (Bjerknes and Cheng, 1981).
The notion that LRCs are the small intestine stem cells
has been challenged in light of the finding that CBC cells
express the putative stem cell marker Lgr5 (Barker et al.,
2007). Lgr5 was originally proposed as a marker following
the identification of 80 Wnt target genes altered in colon
cancer (van de Wetering et al., 2002; Van der Flier et al.,
2007). Most of these genes were expressed in Paneth or
transit-amplifying (TA) cells, but Lgr5 expression was
restricted to CBC cells. This study demonstrated that the
fate of Lgr5+ cells could be tracked by using a tamoxifen-
inducible Cre-knock-in allele and the Rosa-lacZ reporter
gene. CBC cells were shown to be capable of giving rise to all
possible cell lineages in the small intestine, the first such
functional analysis. Interestingly, whilst stem cells are
generally regarded as slow-cycling, CBC cells invariably
express the proliferation marker Ki-67 (Barker and Clevers,
2007; Barker et al., 2007). There is a possible explanation
for these two apparently contradictory theories of smallintestine stem cell location i.e., that the true stem cells are
the slow-cycling LRCs at position 4 to 6 whereas the actively-
cycling CBC cells are also stem cell in character (Scoville et
al., 2008), with one being a back-up reserve for the other
and vice versa.
The large bowel is a less well-studied system; however,
the consensus is that the stem cells reside at the crypt base,
with evidence of expression of the marker gene lgr5 and the
capacity to form all cell lineages (Barker et al., 2007); other
markers include msi-1 (Nishimura et al., 2003). Expression
profiling of colonic crypts has also revealed a number of
genes primarily associated with cell signalling such as BMP
antagonists, with altered expression between the base and
top of large bowel crypts (Kosinski et al., 2007). These crypts
are subject to a number of important signalling gradients
including Wnt, BMP, PtdIns (3,4,5), kinase (PI3K) and notch
signalling. These signalling gradients are essential in both
maintaining and promoting cell state (Sancho et al., 2003).
The niche is supported by surrounding mesenchymal cells and
extracellular matrix which are required for correct main-
tenance of resident cells (Yen and Wright, 2006). Wnt
signalling is believed to be responsible for stem-cell
maintenance and inhibition of differentiation (Scoville
et al., 2008; Barker and Clevers, 2007; Pinto and Clevers,
2005; Fevr et al., 2007); however, Wnt signalling also
promotes Paneth cell differentiation (Van Es et al., 2005).
BMP signalling is believed responsible for promotion of
differentiation and elevated expression occurs towards the
top of these crypts (Kosinski et al., 2007).
Infrared (IR) microspectroscopy is a valuable tool in
identifying chemical differences between different cell
types (German et al., 2006a; Walsh et al., 2007a,b, 2008a;
Kelly et al., 2009). It allows for the derivation of a
biochemical-cell fingerprint based on the fact that biomo-
lecules variously absorb in the mid-IR (Walsh et al., 2007a).
Previous work has suggested that mid-IR spectra might allow
the identification of markers discriminating GI stem cells
compared to transit-amplifying (TA) cells or TD cells, with
one of the most important being symmetric phosphate
stretching vibrations (νsPO2-; 1080 cm-1) (Walsh et al.,
2008b), which probably indicates DNA conformation altera-
tions (Chiriboga et al., 2000), may be associated with altered
methylation. There is some controversy in this regard;
although many groups believe that one can spectrally detect
DNA within intact cells, others suggest that because DNA is
highly compact, except in S-phase, there may be a decrease
in DNA absorbance, due to increased opacity of the nucleus
to IR (Boydston-White et al., 1999). However, more recent
studies suggest that cell cycle-associated detectable differ-
ences in DNA are relevant (Matthäus et al., 2006). IR
microspectroscopy has also been shown to discriminate
between stem cells, TA cells or TD cells in bovine and
human cornea (German et al., 2006b; Bentley et al., 2007;
Grude et al., 2007), and has also been employed to study
embryonic (Ami et al., 2008) and mesenchymal (Krafft et al.,
2007) stem cell differentiation in vitro.
IR microspectroscopy was employed to chemically char-
acterise the putatively-assigned different cell types along
the lengths of human small intestine and large bowel crypts.
Vibrational spectra were acquired in a ≤10 μm×10 μm pixel
fashion along the entire length of small intestine or large
bowel crypts; such IR image maps allowed for the whole
18 M.J. Walsh et al.crypt biochemistry to be taken into account (Fig. 1C).
Synchrotron IR radiation was exploited in order to provide a
brilliant light source and to provide good spatial resolution
(Dumas and Miller, 2003; Tobin et al., 2004; Walsh et al.,
2008b). IR image maps were derived from small intestine
crypts (n=12) and large bowel crypts (n=8). IR spectra
extracted from image maps were correlated with position (or
location in a ≤10 μm step-wise from the crypt base) and
assigned with putative cell type (Figs. 1D, E) after which they
were analysed using both unsupervised and supervised
computational approaches. This provided an entirely novel
approach for the biochemical characterisation of cells
residing in the small intestine and large bowel crypts.
Materials and methods
Tissue Preparation
Informed consent was obtained for collection of normal
human intestine tissue for research (Local Research Ethics
Committee no. 06/Q0604/40). Paraffin-embedded tissue
blocks were obtained, and 10 μm-thick sections were floated
onto 0.5 mm-thick BaF2 windows (Photox Optical Systems,
Sheffield, U.K.; http://www.photox.co.uk) for transmission-
mode synchrotron FTIR microspectroscopy. The sections
were de-waxed by immersion in fresh xylene (5 min) and
then washed in absolute alcohol (74OP) (5 min). Serial
sections (4 μm thick) were stained with haematoxylin and
eosin (H&E).
Synchrotron Fourier-transform infrared
(FTIR) microspectroscopy
IR image maps were acquired of the entire crypt of small
intestine (n=12) and large bowel (n=8) crypts. Synchrotron
FTIR microspectroscopy data were obtained on both beamline
11.1 on the synchrotron radiation source at Daresbury
Laboratories (Warrington, UK; http://www.srs.ac.uk) and at
the FTIR endstation of the ID 21 beamline at the European
Synchrotron Radiation Facility (Grenoble, France; http://
www.esrf.eu). Using both synchrotrons, a Nexus-FTIR spectro-
photometer (Thermo Scientific Inc., Waltham, MA, http://
www.thermo.com) coupled to a Nicolet Continuum micro-
scope and mercury cadmium telluride detector cooled with
liquid nitrogen, with a measuring range of 650 cm-1 to
4,000 cm-1, was used. In the Daresbury Laboratories, spectral
collection was made in transmission mode (4 cm-1 resolution,
co-added for 256 scans), with an aperture of 10 μm×10 μmand
an image map step-size of 10 μm×10 μm. At ESRF, spectral
collection was also made in transmission mode (4 cm-1
resolution, co-added for 100 scans) with an aperture of
8 μm×8 μm and an image map step-size of 8 μm×8 μm. The
improved spatial resolution and lower co-addition time was
due to the higher brilliance source of IR light at the ESRF. Image
maps took approximately 6 h to obtain. IR spectra were
converted to absorbance using Thermo Omnic 7.3 software
(ThermoScientific Inc.). During synchrotron FTIR microspec-
troscopy analyses, a new background was taken every 2 h to
correct for atmospheric alterations or changes in beam
current. Derived IR spectra (1800 cm-1–900 cm-1) are
composed of a number of distinct peaks, which are associatedwith certain biochemical entities. They can be roughly divided
into the protein region (1800 cm-1–1480 cm-1) and the DNA/
RNA region (1425 cm-1–900 cm-1). The primary constituent of
the protein region are the peaks Amide I (≈1650 cm-1) and
Amide II (≈1540 cm-1). The DNA/RNA region consists of a
number of absorbance spectrawith themain contributors from
νsPO2- (≈1080 cm-1) and asymmetric phosphate stretching
vibrations (νasPO2-; 1225 cm-1) (German et al., 2006a). The
absorbance peaks at 1121 cm-1 and 1020 cm-1 have been
associated with RNA and DNA, respectively (Dumas and Miller,
2003). Other non-DNA/RNA components exist within this
region but their influence appears minimal; these include
glycogen (1030 cm-1) and carbohydrates (1155 cm-1) (Walsh et
al., 2007b). The peak at 970 cm-1 has been associated with
protein and nucleic acid phosphorylation (Mordechai et al.,
2004; Hammiche et al., 2005; Wong et al., 1991).
IR spectra were extracted from the image maps and each
spectrum corresponding to each position (or location) was
identified. The IR spectra were then pre-processed by
13-point smoothing, baseline-correction (automated rubber-
band) and normalization to the Amide I peak (1650 cm-1)
using Bruker OPUS software (Bruker Optics); thus the other
spectral bands were referenced to this peak. Average IR
spectra were consequently derived for each location within
each crypt, thus reducing the amount of spectral data and to
minimise the influence of any anomalous spectra whilst
retaining the whole crypt biochemistry. Due to the large
amount of data, these derived average IR spectra were used
in all cell type comparisons.
To examine the different biochemical changes along the
length of the crypt, the step-wise positions (or locations)
were assigned to a putative cell type. In the small intestine
crypts, putative cell types were assigned by spatial location
along the length of the crypt; Position 1, CBC/Paneth cells
(Position 2, 3), LRCs (Position 4–6), TA cells (Position 7, 8)
and TD cells (Position 9, 10). In the large bowel crypts,
putative cell types were assigned; stem cells (Position 1–4),
TA cells (Position 5–8) and TD cells (Position 9, 10). Thus, a
method of spatially referencing spectra by numbering their
locations from positions 1 to 10 at approximately 10-μm
intervals was employed for unsupervised analyses (Fig. 2); as
we only interrogated the bottom 100 μm per crypt, each
would be expected to have a well-defined number/location
of cells and cell types, and this would be expected to be
relatively consistent.
Computational analysis
Synchrotron FTIR microspectroscopy leads to the acquisition
of large amounts of complex data, with each spectrum
consisting of hundreds of wavenumbers (cm-1). In addition,
each crypt image map yielded at least 100 spectra.
Integration of IR microspectroscopy with multivariate ana-
lysis allowed for maximal information to be derived by
identifying the variance between spectra. Principal compo-
nent analysis (PCA) replaces the original wavenumbers by
linear combinations, termed principal components (PCs),
which account for the variance between the spectra. Each
absorbance spectrum is replaced by a single “score,” one for
each derived PC. PCA of pre-processed spectra was
performed using the Pirouette software package (Infometrix
Inc., Woodinville, WA, http://www.infometrix.com).
Figure 2 Unlike PCA on its own, the addition of LDA allows one to take account of classes previously distinguished according to
either cell type or position.
19Hierarchy in human intestine by IR spectroscopyPCAwas originally used for data reduction, and the output
was processed using linear discriminant analysis (LDA)
(German et al., 2006a; Martin et al., 2007; Walsh et al.,
2007a, 2009). The addition of LDA during the derivation of
scores and loadings plots allows one to take account of
classes previously distinguished by PCA according to either
cell type or position (Fig. 2). PCA-LDA uses the assigned
classes to identify the source of inter-class variance andTable 1 Wavenumbers contributing to the variance segregating
bowel crypts
Position Cell type
Small intestine crypt
1 Position 1
2 CBC/Paneth cell
3 CBC/Paneth cell
4 LRC
5 LRC
6 LRC
7 TA
8 TA
9 TD cell
10 TD cell
Large bowel crypt
1 Stem cell
2 Stem cell
3 Stem cell
4 Stem cell
5 TA cell
6 TA cell
7 TA cell
8 TA cell
9 TD cell
10 TD cell
Order of importance was derived following identification of loadings asso
account of all the analyses derived from individual crypts. Following ide
the number of times they were identified as contributing to variance.maximise this information, whilst identifying sources of
intra-class variance and minimising this, the outcome being
improved class discrimination. PCA-LDA leads to the deriva-
tion of two types of information; scores plots to separate the
classes and loadings plots to display the coefficients by which
each of the original wavenumber variables must be multi-
plied to obtain the hyperspace vector passing through the
median of a chosen cluster. It thereby picks out thosedifferent putative cell types within small intestine and large
Main contributing wavenumber (cm-1) - order of importance
970 - 1, 1080 - 1, 1650 - 3, 1225 - 4, 1550 - 5
1080 - 1, 970 - 2, 1225 - 2, 1550 - 4, 1010 - 5
1080 - 1, 970 - 2, 1225 - 2, 1010 - 4, 1550 - 5
1225 - 1, 1550 - 2, 1010 - 3, 1650 - 3, 1080 - 3, 970 - 3
1080 - 1, 1650 - 1, 1225 - 3, 1550 - 4, 1010 - 5
1225 - 1, 1080 - 2, 970 - 3, 1550 - 4, 1010 - 5
1225 - 1, 1550 - 2, 1650 - 2, 1080 - 4, 1010 - 5
1225 - 1, 970 - 2, 1080 - 2, 1550 - 2, 1010 - 5, 1650 - 5
ciated with specific wavenumbers giving rise to variance. This took
ntification of highlighted loadings, these were ranked according to
20 M.J. Walsh et al.spectral bands that are primarily responsible for the
discrimination of those spectra from all the spectra taken
as a whole. Increasing spatial separation between points in a
scores plot is related to the level of dissimilarity in
absorbance spectra, thus cell biochemistry. PCA-LDA was
performed on the biochemical-cell fingerprint region
(1800 cm- 1–900 cm- 1), protein conformation region
(1800 cm-1–1480 cm-1), and DNA/RNA region (1425 cm-1–
900 cm-1). Although linear interpolation of the paraffin band
region (1420 cm-1–1480 cm-1) was used, this region was
excluded from all PCA-LDA analyses.
Results
GI crypt analysis
Spectral image maps of small intestine (n=12) or large bowel
crypts (n=8) were acquired in a step-wise fashion using a
synchrotron radiation source attached to a mid-IR beamline
and through an aperture of either 10 μm×10 μm (Daresbury
Laboratory) or 8 μm×8 μm (European Synchrotron Radiation
Facility) (Fig. 1C). Image maps were split so that individual IR
spectra (≈100 spectra/map) could be correlated with position
from the crypt base. Putative cell types were assigned based
on position; in small intestine crypts, these were Position 1
(i.e., the crypt base), CBC/Paneth cells (Position 2–3), LRCs
(Position 4–6), TA cells (Position 7–8) and TD cells (Position 9–
10) whereas in large bowel crypts, they were assigned as stem
cells (Position 1–4), TA cells (Position 5–8) and TD cells
(Position 9–10) (Figs. 1A, B) (Table 1). Position 1 was assigned
independently in small intestine crypts because preliminary
data handling suggested it to be spectrally distinct; this was
verified by PCA-LDA scores based on position. Corresponding IR
spectra were then derived (Figs. 1D, E).
Analysis along the length of individual cryptswas performed
using derived IR spectra assigned classes by either position
(unsupervised; 1 to 10) or cell type (supervised), and employ-
ing PCA-LDA (Fig. 2). Discrimination between the different
putative cell types in both the small intestine and large bowel
cryptswas demonstrated pointing to chemical differences that
were highlighted in the resultant loadings plots (Table 1). In
addition, following PCA-LDA analysis based on cell position of
individual crypts, clear segregation between cell types could
still be achieved. The important spectral features were in the
DNA/RNA region, andwere associatedwith protein and nucleic
acid phosphorylation (970 cm-1), νsPO2- (1080 cm-1) and νasPO2-
(1225 cm-1); Amide I (≈1650 cm-1) and Amide II (≈1550 cm-1)
were also often contributory factors.
A number of important associations with putative cell type
were identified, especially in small intestine crypts. Position 1
was the most distinct cell type in these crypts, and tended to
segregate away from others in scores plots. Based on their
biochemical-cell fingerprint, IR spectra derived from this
location also exhibited the greatest degree of intra-class
variance. This suggests that the nature of the cells at the very
base of small intestine crypts may often be very dissimilar to
those at positions 2 to 3, which one might expect to be CBC
cells interspersed by Paneth cells; however, this is not to say
that this might exclusively be the case as the latter cell types
may also occupy Position 1. Interestingly, Position 1 scores did
not cluster with those of other differentiated cells (i.e., the
assigned TD cells) either. This was emphasised by the apparentprogression of scores correlating with cell position in the PCA-
LDA scores plots for individual crypts (data not shown). The GI
niche (i.e., thewhole crypt) is strongly influenced by signalling
gradients such as Wnt and BMP; such gradients might account
for Position 1 and differentiated cell types appearing most
dissimilar. However, CBC/Paneth cells and LRCs appeared to be
very similar and tended to co-segregate in PCA-LDA scores
plots derived from individual crypts; a sub-population of CBC/
Paneth cells that did not co-segregatewith LRCsmight point to
the differentiated nature of Paneth cells. Putative LRCs
appeared to be the least distinctive cell type in derived PCA-
LDA loadings plots, suggesting that these cells might be staged
at a chemical crossroads within small intestine crypts. PCA-
LDA analysis of individual large bowel crypts demonstrated
that putative stem cells are markedly dissimilar to those
assigned as TA and TD cells. Of interest was the observation
that spectra derived at Position 4 of these crypts, though
arbitrarily assigned as stem cells, often clustered very closely
with the TA cells in unsupervised PCA-LDA.
For individual crypt analysis, all the extracted spectra
were incorporated into the PCA-LDA analyses (data not
shown). However, for combined crypt analyses an average IR
spectrum was derived for each position (i.e., location) for
each crypt and then applied to cell-type comparisons.
Possible chemical similarities between putatively-assigned
cells within both crypt types (i.e., small intestine and large
bowel) were investigated with PCA-LDA being performed
using both supervised (putative cell type) and unsupervised
(position) approaches. Figure 2 shows the computational
approaches that were employed to interrogate the entire
biochemical-cell fingerprint region (1800 cm-1–900 cm-1),
the protein region (1800 cm-1–1480 cm-1) and DNA/RNA
region (1425 cm-1–900 cm-1). Although inter-crypt variance
would be expected to occur based on confounding factors
such as sectioning, segregation between the positions was
still readily achievable (Fig. 3). Analysis of the small
intestine crypts in the DNA/RNA region showed segregation
based both on cell type (Fig. 3A) and position (Fig. 3E).
Within individual small intestine crypts, Position 1 and TD
cells were the most dissimilar with other cell types (CBC/
Paneth cells, LRCs and TA cells) tending to co-segregate. For
Position 1, νsPO2 - (1080 cm-1) and the protein region
(1800 cm-1–1480 cm-1) were the major spectral contributors
to segregation whereas for TD cells, νasPO2- (1225 cm-1) and
1010 cm-1 were highlighted (Figs. 3C, G). Large bowel crypt
analysis (all 8 crypts combined) based on the DNA/RNA region
exhibited clear segregation using PCA-LDA based on either
putative cell type (Fig. 3B) or position (Fig. 3F); the putative
stem cells region was markedly distinct from the remainder
of the crypt, although Position 4 tended to cluster with TA
cells (Fig. 3F). Derived PCA-LDA loadings plots highlighted
1010 cm-1, 1080 cm-1 (νsPO2-) and 1225 cm-1 (νasPO2-) as the
main contributing wavenumbers (Figs. 3D, H).
Comparisons of different putative cell types
PCA-LDA of derived IR spectra allowed one to compare
different cell types or positions in an attempt to identify
distinguishing factors; this approach was employed to
positions putatively assigned as CBC/Paneth cells and LRCs
in the small intestine crypts. Comparisons of Position 1, CBC/
Paneth cells and LRCs showed good segregation between all
Figure 3 Derived PCA-LDA scores plots of the IR spectra in the DNA/RNA region (1425 cm-1–900 cm-1) of small intestine crypts
(n=12), with classes assigned by either cell type (A) or by position (Ps) (E). Loadings plots were also derived to determine the spectral
features of the average spectra from each class compared to the average spectra of all classes from small intestine crypts classed by
either cell type (C) or position (G). Colours were assigned according to cell type by Position 1 (magenta stars), crypt base columunar
(CBC)/Paneth cells (green circles), label-retaining cells (LRCs; red triangles), transit-amplifying (TA) cells (black squares) and
terminally-differentiated (TD) cells (blue diamonds). Derived PCA-LDA scores plots of the IR spectra in the DNA/RNA region
(1425 cm-1–900 cm-1) of large bowel crypts (n=8), with classes assigned by either cell type (B) or by position (Ps) (F). Loadings plots
were also derived to determine the spectral features of the average spectra from each class compared to the average spectra of all
classes from large bowel crypts classed by either cell type (D) or position (H). Colours were assigned according to cell type by stem cells
(red triangles), TA cells (black squares) and TD cells (blue diamonds).
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22 M.J. Walsh et al.three (Fig. 4A); overlap was noticed, but this might be
associated with the fact that such cell types might be inter-
mingled differently in different crypts that also would have
been sectioned differently. Cells at Position 1 were the most
dissimilar and this was emphasised in the derived loadings
plot (Fig. 4F). Derived loadings plots (Fig. 4F) also demon-
strated that the CBC/Paneth cells were different from
LRCs and important contributing wavenumbers were
970 cm-1 (protein and nucleic acid phosphorylation),
1080 cm-1 (νsPO2- ) and 1225 cm-1 (νasPO2 -). However, it
remains unclear whether CBC cells might be progenitor stem
cells of LRCs and Paneth cells or TA cells.
To further investigate the question of whether CBC cells
are stem cells or TA cells, CBC/Paneth cell-derived spectra
were compared with LRCs (Fig. 4B) and TA cells (Fig. 4D) in
one-dimensional scores plots. Derived PCA-LDA scores plots
of the DNA/RNA region showed little segregation between
the cell types (Figs. 4B–E). Analysis using the protein region
(Figs. 4C, E) showed the clearest segregation suggesting that
protein alterations most distinguish CBC cells from LRCs and
TA cells; this may be a consequence of niche-signalling
gradients. However, derived loadings plots of the DNA/RNA
region also highlighted wavenumbers at 970 cm-1, 1010 cm-1,
1080 cm-1 and 1180 cm-1 (Figs. 4G, H). When CBC/Paneth
cells were compared to both LRCs and TA cells of the smallFigure 4 PCA-LDA scores and loadings plots derived from the compa
900 cm-1) of small intestine crypts (n=12). (A) Scores plots of Position
circles) and label-retaining cells (LRCs; red triangles) were derived, (F
derived of the comparison of IR spectra in the DNA/RNA region (1425 cm
intestine crypts (n=12). Scores plots of the comparison of CBC/Panet
DNA/RNA region (B) and protein region (C), with resultant PCA-LDA loa
CBC/Paneth cells (green circle) and transit-amplifying (TA) cells (black s
(E), with resultant PCA-LDA loadings of the DNA/RNA region (H).intestine crypts, they clearly clustered between these two
classes based on the whole biochemical-cell fingerprint or
the DNA/RNA region. This might suggest that CBC cells
possess biochemical homology with both LRCs and TA cells.
Large bowel as a model system
To further address the controversy surrounding the true stem
cell of the small intestine crypt, we compared the
biochemical-cell signature of the putative CBC/Paneth cells
and LRCs to the putative stem cells of the large bowel which
are generally regarded to exist at the crypt base in Positions
1 to 4. PCA-LDA of the DNA/RNA region by cell type showed
clear segregation of cell types within the comparison; in
particular, the large bowel stem cells clustered furthest
away demonstrating a degree of inter-tissue variance
(Fig. 5A). However, large bowel stem cells appear to cluster
into two distinct groups; it was primarily the cells at position
1 which clustered with the LRCs and thus, these are very
unlikely to be misclassified stem cells. Scores for large bowel
putative stem cells were closer to the LRCs, and their
biochemical relatedness was reflected in the loadings plot
(Fig. 5B). Derived loadings plots showed a strong influence of
970 cm-1, 1030 cm-1, 1080 cm-1 and 1125 cm-1 to cell-type
segregation. PCA-LDA of the protein region also demonstratedrison of IR absorbance spectra in the DNA/RNA region (1425 cm-1–
1 (magenta stars), crypt base columnar (CBC)/Paneth cells (green
) with resultant loadings. PCA-LDA scores and loadings plots were
-1–900 cm-1) and protein region (1800 cm-1–1480 cm-1) from small
h cells (green circle) and LRCs (red triangles) were derived of the
dings of the DNA/RNA region (G). Scores plots of the comparison of
quares)werederivedof theDNA/RNA region (D) andprotein region
23Hierarchy in human intestine by IR spectroscopythat LRCs are more closely related to large bowel stem cells,
despite the fact that CBC cells share the same spatial location
as large bowel stem cells in their respective crypts.
Putative CBC/Paneth cells and TA cells of small intestine
crypts were also compared with TA cells of large bowel
crypts, which in this study were assigned positions 5 to 8.
PCA-LDA of the DNA/RNA region by putative cell type again
showed clear segregation, with the large bowel TA cells
segregating furthest away. The large bowel TA cells appeared
to cluster more closely with the small intestine TA cells
compared to CBC/Paneth cells (Fig. 5C). Derived loadings
plots highlighted 970 cm-1, 1050 cm-1, 1125 cm-1 and
1225 cm- 1 as important contributors to segregation
(Fig. 5D). PCA-LDA using the whole biochemical-cell region
pointed to more chemical similarities between large bowel
TA cells and small intestine TA cells than compared to CBC
cells (data not shown).
Discussion
The application of FTIR microspectroscopy to signature
biochemical-cell characteristics within GI crypts is an
entirely novel approach to understanding this multi-lineage
system. The majority of such investigations have relied
primarily on the use of immunohistochemical markers, which
may have poor specificity, sensitivity and reproducibility
(Barker et al., 2007). Exploiting the capability of FTIR
microspectroscopy to derive a biochemical-cell fingerprint,Figure 5 PCA-LDA scores and loadings plots derived from the compa
900 cm-1) from small intestine (SI) crypts (n=12) and large bowel (LB
crypt base columnar (CBC)/Paneth cells (green circles) and label-
(purple stars) (A), with resultant PCA-LDA loadings of the DNA/RNA r
cells (green circles) and small intestine transit-amplifying (TA) cells
resultant PCA-LDA loadings of the DNA/RNA region (D).allows for the integrated biomolecular chemical composition
of the target cells to be taken into account, rather than
relying on identifying a single marker. In addition to infor-
mation regarding protein conformation, FTIR microspectro-
scopy also gives insight into DNA/RNA conformation in the
1425 cm-1 to 900 cm-1 region (Fig. 3). A more traditional
approach is to rely upon targets of cell signalling gradients
such as Wnt or BMP. FTIR microspectroscopy also allows for
the fast and objective determination of cellular biochem-
istry, requiring minimal sample preparation with no expen-
sive stains and is entirely non-destructive, facilitating
further conventional analysis. Previous work from our group
has demonstrated the applicability of FTIR microspectro-
scopy towards segregating the different cell types of small
intestine and large bowel crypts (Walsh et al., 2008b).
This study suggests that distinguishing features (i.e.,
wavenumbers representing specific chemical entities)
derived from signature IR spectra can be associated with
different positions counting upwards from the crypt base in
step-wise (≤10 μm) fashion. These might be classed as
putative cell types, along the length of human GI crypts.
Discrimination of cell types can be achieved based on their IR
spectra; however, because small intestine crypts are made
up of multiple cell types, this complex system is more
difficult to delineate than apparently simpler large bowel
crypts. The important distinguishing wavenumbers respon-
sible for segregating different positions along the length of
the crypts, which were also classed as putative cell types,rison of IR absorbance spectra in the DNA/RNA region (1425 cm-1–
) crypts (n=8). Scores plots of the comparison of small intestine
retaining cells (LRCs; red triangle) and large bowel stem cells
egion (B). Scores plots of the comparison of small intestine CBC
(black squares) and large bowel TA cells (purple stars) (C), with
24 M.J. Walsh et al.were identified (Table 1) and the main contributory factors
were 970 cm-1 (protein and nucleic acid phosphorylation),
νsPO2- (1080 cm-1) and νasPO2- (1225 cm-1).
Analysis of small intestine crypts individually or com-
bined revealed that Position 1 and TD cells (assigned as
Position 9 and 10) were the most dissimilar (Fig. 3A).
Putative LRCs and TA cells were the most-biochemically
average cells within the small intestine crypt with many of
the derived PCA-LDA loadings plots often failing to highlight
distinguishing features. The putative stem cells of the large
bowel were also shown to exhibit the most dissimilarity,
clustering furthest from the TA and TD cell types, which
often seemed to be closely clustered (Fig. 3); the apparentFigure 6 Localization of the putative stem cell region in an IR spe
using synchrotron FTIR microspectroscopy. (A), A section of small inte
FTIR microspectroscopy – the imaged area is designated by the bla
smoothed at wavenumber 1080 cm-1 and superimposed on the unst
tissue stained with H&E post-interrogation with synchrotron FTIR mic
and, (D), a two-dimensional map of a large bowel crypt, smoothed
region analyzed – see inset. Absorbance intensity (see insets) is pr
greenbyellowb red (highest intensity).intermingling of assigned TA and TD cell classes might be a
consequence of the fact that image maps did not cover the
entire crypt length. Thus, assigned Positions 9 and 10 in
large bowel crypts may not have been fully differentiated.
However, this observation is also very probably a conse-
quence of the fact that the more clearly-identifiable stem
cell positions gave rise to spectral scores that were so
distinguishing that this swamped smaller differences
between TA and TD cells. Position 4 (putative stem cell) of
the large bowel was, however, very often observed to
cluster closely with TA cells, suggesting that distinguishing
features were more associated with the bottom three
positions.ctral image (resolution=10 μm×10 μm) map of human GI crypts
stine tissue stained with H&E post-interrogation with synchrotron
ck box; (B), a two-dimensional map of a small intestine crypt,
ained region analyzed – see inset; (C), A section of large bowel
rospectroscopy – the imaged area is designated by the black box;
at wavenumber 1080 cm-1 and superimposed on the unstained
oportional to thermal colour changes: blue (lowest intensity)b
Figure 7 Proposed fate maps describing the respective cell lineages within (A) small intestine and, (B) large bowel crypts.
25Hierarchy in human intestine by IR spectroscopyIn order to verify the spatial location of a particular
marker, the imaged region was identified on a section that
was subsequently stainedwith H&E (Figs. 6A, C). The detail of
either the small intestine (Fig. 6A) or large bowel (Fig. 6C)
crypts was readily identifiable; a spectral image was blended
on a micrograph of the unstained tissue interrogated using
synchrotron FTIR microspectroscopy (Figs. 6B, D). IR spectral
image maps allow one to track the spatial distribution of a
particular chemical entity (in this case 1080 cm-1 or νsPO2-)
based on levels of relative absorbance intensity proportional
to thermal colour changes at a chosen wavenumber in a pixel-
by-pixel fashion: blue (lowest intensity)bgreenb yellowb red
(highest intensity); it is then possible to identify the spatial
distribution of the marker. This demonstrates the co-
localisation of the chosen spectral marker and the particular
region of the GI crypt where the putative stem cells reside.
One of the exciting outcomes of this study was that it
allowed for an alternative insight into the controversy
regarding CBC cells of small intestine crypts. CBC cells
reside at Positions 2–3, are intermingled with Paneth cells
and were demonstrated to be biochemically very different
to the cells at Position 1 (Fig. 4A). The CBC/Paneth cells
were demonstrated to be similar to both LRCs and TA cells in
the DNA/RNA region but, comparison in the protein region
of IR spectra showed clearer segregation (Figs. 4B, C). This
suggests strong influences of signalling gradients within the
crypt niche and that protein changes alter markedly with
cell position along the crypt length. When CBC/Paneth cells
were compared to both LRCs and TA cells in scores plots,
despite the differentiated nature of Paneth cells they
appeared to cluster between the latter two cell types
lending evidence of them being somewhere between a LRC
and TA cell. To lend insight into the controversy over
whether the CBC cells or LRCs are the true stem cells, the
large bowel was used as a comparative model system. The
evidence that large bowel stem cells reside at the base of
the crypt is compelling (Barker and Clevers, 2007; Barker
et al., 2007). Compared to CBC/Paneth cells, LRCs were
demonstrated to be much closer biochemically to large
bowel stem cells and the small intestine TA cells closest to
the large bowel TA cells (Figs. 5, 7).Conclusion
IR microspectroscopy is a novel approach towards inter-
rogating the chemical composition of cell types and com-
paring their functionality. Based on such comparative
analyses in this study, the following fate maps describing
the respective cell lineages within small intestine and large
bowel crypts are proposed (Fig. 7). Fig. 7A points to five
distinct classes within small intestine crypts and Fig. 7B
points to three in those of the large bowel. This is based on
the relatedness between LRCs (Position 4–6) and large bowel
stem cells (Positions 1–4), small intestine TA cells (Position
7,8) and large bowel TA cells (Position 5–8), and, small
intestine TD cells (Position 9,10) and large bowel TD cells
(Position 9,10). The functional role of CBC cells remains
unclear; despite them being intermingled with Paneth cells,
this study suggests they may be a unique cell type. In the
small intestine, LRCs may be the primary stem cells with CBC
cells as back-up/downstream stem cells (Fig. 7A). LRCs will
give rise to TA cells and TD cells as they migrate upwards
towards the villi. CBC cells may give rise to Paneth cells and
the cell that resides at Position 1 (Fig. 7A). However, the cell
lineage of the large bowel appears to be much simpler with
stem cells (Positions 1–4) at the crypt base giving rise to TA
cells (Positions 5–8) and TD cells (Positions 9,10) as they
migrate upwards (Fig. 7B). Loadings plots demonstrated the
importance of 970 cm-1 (protein phosphorylation), 1080 cm-1
(νsPO2 -) and 1250 cm-1 (νasPO2 -). DNA conformational
changes appear to be important markers of stemness in GI
crypts. Although the best FTIR microspectroscopy systems
currently available were employed in this study, future work
would benefit from improved microscopic optics to more
clearly visualise the cell type prior to mid-IR spectral analysis
on a conventional cell position-by-cell position basis.
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